Abstract: This study proposes a full duplex 60-GHz band radio-over-fiber (RoF) link using a modified tandem single sideband (TSSB) modulation scheme with frequency doubling. Based on the modified TSSB modulation scheme, no dispersion induced fading is observed; high spectral efficiency vector signal can be utilized; and wavelength reuse can also be achieved. Both single carrier 8-QAM and QPSK-OFDM signals for down-link transmissions are experimentally demonstrated. After transmission of 50-km SSMF, no significant receiver power penalties are observed. Wavelength reuses with 1.25-Gb/s OOK using a reflective semiconductor optical amplifier (RSOA) for up-link transmission are also demonstrated. After transmission of 50-km SSMF, no significant receiver power penalties are also observed. services over long-reach passive optical network using remote signal regeneration and upconversion," Opt.
Introduction
With the release of 7-GHz license-free band, 60-GHz wireless communication system has become a potential candidate for future broadband wireless access network system. 60-GHz wireless standards, such as IEEE 802.15 WPAN (wireless personal area network), IEEE 802.16 WiMAX, and wireless high definition video services (WirelessHD), have been proposed [1] . Nevertheless, the transmission distance of 60-GHz wireless signal is limited by the high path and atmospheric losses. To extend the coverage of 60-GHz wireless signal, radio-over-fiber (RoF) technique becomes a promising solution because of the low transmission loss and unlimited bandwidth of optical fibers [2] [3] [4] [5] .
However, 60-GHz optical vector signal generation still remains a great challenge. Generation and transmission of high throughput 60-GHz optical signals have been widely investigated [2] [3] [4] [5] 7] . Using electro-absorption-modulator (EAM) is one of the reliable solutions [2] . Because of the high bandwidth of EAM, 60-GHz signals can directly drive the EAM. Since no frequency multiplication is achieved when an EAM is utilized with double sideband (DSB) scheme, 60-GHz driving equipments and components are required. Moreover, the generated DSB signal suffers from the dispersion-induced performance fading varied with fiber transmission length. To generate 60-GHz millimeter-wave signal with frequency doubling and overcome the dispersion-induced performance fading issue, double sideband with carrier suppression (DSB-CS) modulation scheme using Mach-Zehnder modulators (MZM) are proposed [3] [4] [5] . However, low spectral efficiency on-off-keying (OOK) modulation format is generally utilized in DSB-CS modulation scheme [3] [4] [5] . To satisfy the desire of high data rate transmission within the 7-GHz license-free band, high spectral efficiency vector signal generation is highly preferred [1] .
Recently, RoF signal generation using tandem single sideband (TSSB) modulation scheme utilizing a dual-electrode MZM has been proposed [6, 7] . The generated TSSB optical signal is composed of one original optical carrier and two optical sidebands. After the removing of the original optical carrier, the 60-GHz RoF signal can be obtained from beating of two optical sidebands. If one of two generated optical sidebands is un-modulated, the proposed modified TSSB scheme can support optical vector signals. Based on the modified TSSB modulation scheme, high spectral efficiency vector signal can be used, and frequency doubling can be achieved. Moreover, there is no dispersion-induced performance fading.
In this work, a full duplex modulation technique for 60-GHz RoF system based on modified TSSB scheme is proposed. Both 2.34375-Gb/s 8-quadrature amplitude modulation (8-QAM) signal and 13.75-Gb/s QPSK orthogonal frequency division multiplexing (OFDM) signal for down-link transmission are experimentally demonstrated. However, the frequency response of the 60-GHz components is usually uneven, which introduces distortions to the signals. To compensate for the uneven frequency responses, feed-forward equalizer (FFE) [8] is utilized in the 8-QAM system to improve the receiver performance. Because of the multicarrier characteristic of the OFDM signal, one-tap equalizer is used to overcome the uneven Figure 1 shows the conceptual diagram of the proposed TSSB modulation system employing a dual-electrode MZM biased at the quadrature point. To perform a data-modulated upper optical sideband and an un-modulated lower optical sideband, two additional 90° phase shifts are added on the upper path of the radio frequency (RF) data signal and lower path of the sinusoidal signal, respectively. The RF data signal and sinusoidal signal are then combined and sent into the dual-electrode MZM. At the output of the MZM, a TSSB optical spectrum which consists of the original optical carrier (ω c ), the data-modulated optical sideband The un-modulated and data-modulated optical sidebands are received for RoF applications. When ω rf1 =ω rf2 , frequency doubling can be achieved. In OFDM systems optical power ratio (OPR) between the un-modulated and data-modulated optical sidebands is an important factor for receiver performance optimization. Since the un-modulated and data-modulated optical sidebands are generated from two individual driving signals, the OPR can be freely adjusted for receiver performance optimization. Based on the modified single sideband (SSB) modulation scheme, high spectral efficiency vector signals can be utilized, and no dispersion induced performance fading issue is observed in the proposed system. 
Concept

Experimental setup and results
To perform high spectral efficiency modulation within the 7-GHz license-free band at 60-GHz, single-carrier 8-QAM and multi-carrier QPSK-OFDM modulation formats are experimentally demonstrated. To compensate for the uneven frequency response of the 60-GHz components, FFE is utilized in 8-QAM system. Nevertheless, with the increasing of the bandwidth of the single carrier 8-QAM signal, efficiency of FFE is reduced and transmission with data rate beyond 10 Gb/s cannot be easily achieved. Multi-carrier OFDM is a potential solution for the high throughput transmission. One-tap equalizer can compensate for the uneven frequency response of a wideband signal. Therefore, the 7-GHz license-free band can be used efficiently. Figure 2 illustrates the experimental setup of the proposed full-duplex system. A tunable laser is employed as the optical source. The 8-QAM is generated from the arbitrary waveform generator (AWG) with 2.34375-Gb/s data rate and 2.5-GHz carrier frequency. The sampling rate of the AWG is 10 GHz. The 8-QAM signal is up-converted to 32.5 GHz using an electrical mixer with a 30-GHz RF local oscillator (LO) signal. Inset (i) of Fig. 2 shows the electrical spectrum of the up-converted 8-QAM signal. Both 32.5-GHz 8-QAM and 30-GHz sinusoidal signals are divided into two paths using two 90° hybrid couplers. The combined signals are amplified to drive the dual-electrode MZM. At the output of the MZM, an erbium doped fiber amplifier (EDFA) is employed to boost the optical power before fiber transmission. The optical spectrum generated from the MZM is shown in the inset (1) of Fig.  3 . After filtering out the original optical carrier at remote node, the inset (2) of Fig. 3 shows the optical spectrum composed of the un-modulated and data-modulated optical sidebands. The inset (3) of Fig. 3 shows the optical spectrum of the original optical carrier. The unmodulated and data-modulated optical sidebands are sent into a V-band photo-diode (PD). The 62.5-GHz 8-QAM signal is obtained and down-converted to 2.5 GHz using an electrical mixer with a 60-GHz RF LO signal, as shown in inset (iii) of Fig. 2 . The down-converted 2.5-GHz 8-QAM signal with 8192 symbols is sent into a digital signal oscilloscope to capture the time domain waveform. Off-line digital signal processing (DSP) programs are employed to demodulate the 8-QAM signal. To compensate the 60-GHz uneven frequency response, FFE with 16 taps is employed. Error vector magnitude (EVM) is utilized for the 8-QAM signal 
8-QAM system experimental setup
8-QAM system experimental results
The un-modulated optical sideband to data modulated sideband OPR is an important factor which affects the receiver performance. In conventional SSB modulation scheme, the OPR cannot be easily adjusted. An addition narrow band optical filter is usually required to suppress the original optical carrier and improve the receiver performance in conventional SSB system [9] . In the proposed TSSB system, the un-modulated and data-modulated optical sidebands are generated from two individual driving signals. Therefore, the OPR can be adjusted by controlling the amplitude of the driving signals. Figure 4 shows the EVM versus OPR curve with FFE. The best receiver performance is observed when the OPR is equal to 0 dB, where the optical powers of the un-modulated and data-modulated sidebands are equal. The optical powers of the optical sidebands are obtained from the integration of the optical spectrum. The constellation diagrams with 5 dB, 0 dB, and −6 dB OPR are also shown in the insets of Fig. 4 . Figure 5 shows the down-link EVM versus optical received power. Before FFE, there is an EVM fluctuation due to receiver saturation with the increasing of the received optical power. However, the FFE can compensate not only the uneven frequency response but also the receiver saturation. After the FFE, the EVM is improved from 18.9% to 15.7% with −8-dBm optical power. After transmission of 50-km SSMF, the received power penalty can be ignored. The EVM and constellation of the transmitted signal are also improved after the FFE. The insets (a) and (c) of Fig. 5 show the constellation diagrams of the 8-QAM signals at back to back (BTB) and after transmission without FFE, respectively. The BTB and transmitted signal constellation diagrams with FFE are also shown in insets (b) and (d) of Fig. 5 , respectively. After transmission of 50-km SSMF, no significant distortion is observed at the constellations. Figure 6 shows the experimental results of the up-link transmission. The RSOA is biasmodulated with a 1.25-Gb/s OOK signal which is generated from a pattern generator. After the transmission of 50-km SSMF, the bit error rate (BER) of the uplink signal is analyzed directly using a bit error rate tester (BERT). The eye diagrams of the OOK signal at BTB and after transmission are also shown in the insets of Fig. 6 . After 50-km SSMF transmission, there is no significant receiver power penalty of the OOK uplink signal, and the eye diagram is still very clear.
OFDM system experimental setup
To performance the 60-GHz OFDM full-duplex system, experimental setup as shown in Fig. 2 is utilized again. However, the down-link signal is switched to a QPSK-OFDM signal. The QPSK-OFDM signal is generated from the AWG with the following parameters: the digital to analog converter (DAC) sampling rate is 20 GHz; inverse-fast-Fourier transform (IFFT) size is 256; subcarrier frequency separation is 78.125 MHz; 44 subcarriers are generated at baseband. After up-conversion using an electrical mixer with 30-GHz sinusoidal signal, a 30-GHz QPSK-OFDM driving signal with 88 subcarriers is obtained as shown in inset (ii) of Fig.  2 . The bandwidth and data rate of the 30-GHz QPSK-OFDM signal is 7 GHz and 13.75 Gb/s, respectively. The OFDM driving signal is divided using a 90° hybrid coupler and combined with 30-GHz driving signals to drive the dual-electrode MZM which is biased at quadrature point. The generated TSSB OFDM signal is transmitted over 50-km SSMF, and an optical fiber Bragg grating is utilized to separate the original optical carrier and two optical sidebands for up-link and down-link application, respectively. The two optical sidebands are received using a V-band PD for optical-electrical conversion. The generated optical spectrum of TSSB OFDM signal and the optical spectra of the signals after filtering are also shown in inset (4)- (6) in Fig. 3 . Different from the optical spectra of the signal-carrier 8-QAM system, datamodulated sideband with wider bandwidth can be observed. The generated 60-GHz OFDM signal are down-converted using an electrical mixer with 55-GHz LO signal, and sent into a digital signal oscilloscope to capture the time domain waveform for off-line demodulation. The demodulation process includes synchronization, fast-Fourier transform (FFT), one-tap equalizer, and QPSK demodulator. Based on the multi-carrier characteristic of the OFDM signal, one-tap equalizer can efficiently compensate the uneven frequency response of the 60-GHz components. Bit error rate (BER) estimation from the constellation diagrams are utilized for signal performance evaluation. Figure 7 shows the QPSK-OFDM BER versus OPR curves. Different from the single carrier 8-QAM system, the best receiver performance is obtained with 6-dB OPR. The constellation diagrams with OPRs of −1dB, 6dB and 11 dB are also shown in the insets of Fig. 7 .
OFDM system experimental results
Compared with signal carrier 8-QAM system, the OPR in OFDM systems are higher. Due to the high peak-to-average-power-ratio (PAPR) property, OFDM signals are sensitive to the nonlinearity of the transmission systems, and the signal performance can be easily degraded. Therefore, properly increasing the optical power of the un-modulated optical sideband can overcome the signal performance degradation. Figure 8 shows the BER curves and constellation diagrams of the 13.75-Gb/s QPSK OFDM down-link signals. Without using the one-tap equalizer, the OFDM signal cannot be recovered due to uneven frequency and phase response at 60 GHz as shown in the inset (a) of Fig. 8 . After using the one-tap equalizer, the QPSK-OFDM signal can be recovered. No significant signal distortion of the constellation diagram is observed after transmission of 50-km SSMF. The receiver power penalty after the SSMF transmission can be ignored. Figure 9 shows the BER curves of the up-link 1.25-Gb/s OOK signal signals using a bias modulated RSOA. No significant receiver power penalty is observed after 50-km SSMF transmission. The eye diagrams of the OOK signals are also shown in the inset of Fig. 9 . The eye diagram is also very clear after 50-km SSMF transmission.
Conclusion
A full duplex modulation technique utilizing TSSB scheme for 60-GHz RoF system is proposed in this work. Frequency doubling, high spectral efficiency vector signal, and fullduplex systems are achieved. Furthermore, the proposed system does not suffer from dispersion induced performance fading issue. Both 2.34375-Gb/s 8-QAM and 13.75-Gb/s QPSK OFDM signals are experimentally demonstrated. To compensate the uneven frequency response of the 60-GHz RF components, FFE with 16 taps and one-tap equalizers are utilized in the 8-QAM and OFDM systems, respectively. After transmission of 50-km SSMF, no significant receiver power penalties are observed in both 8-QAM and OFDM systems. Wavelength reuse using RSOAs for uplink transmissions are also experimentally demonstrated. 1.25-Gb/s OOK signal are modulated on the original optical carrier and transmitted over 50-km SSMF. No significant receiver power penalty of the uplink signal is observed on the uplink signal.
